Abstract. Nonlinear objects like halos and voids exhibit a scale-dependent bias on linear scales in massive neutrino cosmologies. The shape of this scale-dependent bias is a unique signature of the neutrino masses, but the amplitude of the signal is generally small, of the order of f ν , the contribution of neutrinos to the total matter content ( 1%). In this paper, we demonstrate for the first time how the strength of this signal can be substantially enhanced by using information about the halo environment at a range of scales. This enhancement is achieved by using certain combinations of the large scale Cold Dark Matter and total matter environments of halos, both of which are measurable from galaxy clustering and weak lensing surveys.
Introduction and motivations
The Large Scale Structure (LSS) of the Universe encodes information about all the processes and the cosmological parameters that, throughout the history of the Universe, have shaped the distribution of galaxies we observe today. Amongst other things, LSS observables are affected by the presence of massive neutrinos [1, 2] . Terrestrial oscillation experiments have proved that neutrinos are massive [3] [4] [5] , but are yet to pin down either the exact mass scale of neutrinos, or the hierarchy of the mass eigenstates. In recent years, cosmological probes [6] [7] [8] have put some of the strongest constraints on the sum of neutrino masses M ν = m ν . As future surveys [9] [10] [11] [12] [13] , both from the ground and space, push both to larger survey volumes and ability to probe smaller scales, the current bounds on the total neutrino mass from cosmology is expected to improve dramatically, especially by using combinations of the data from different surveys [14] [15] [16] [17] [18] . Many different studies have pointed out that even if the total neutrino mass, M ν is the minimum allowed by oscillation data, i.e. M ν ∼ 0.06 eV, it would be detectable at a level of roughly 3σ, even in the most conservative survey predictions.
Most of the constraints and forecasts mentioned above attempt to infer the total neutrino mass by measuring an overall damping in the power spectrum of perturbations of Cold Dark Matter (CDM), as well as in the perturbations of all matter, which includes the neutrino component. On small scales, the predicted size of this effect from linear theory is ∼ 8f ν on the total matter power spectrum, and ∼ 6f ν on the CDM power spectrum, where f ν is the fraction of matter made up of neutrinos: f ν = Ω ν /Ω m . For realistic neutrino masses, f ν 1%, so the absolute size of this damping effect is small, but measurable when the signal-to-noise is high. However, an overall damping of the power spectrum on small scales is degenerate with other cosmological parameters (e.g. σ 8 [19] ), and one has to be careful to account for these degeneracies in the analysis. This fact has spurred work on alternative ways to constraint neutrino masses beyond the traditional two point analysis [20] [21] [22] [23] .
Rather than a constant suppression of the power spectrum at small scales, a more unique imprint of massive neutrinos lies in the actual shape of the damping of the power spectrumi.e. how neutrinos change the amplitude of the power spectrum P (k) as a function of the wavenumber k, over the whole range of k that are accessible to various surveys. This is set by the shape of the transfer function of neutrinos, which, in turn, is set by their masses, and is not degenerate with any of the other standard cosmological parameters. However, the size of this effect is roughly ∼ f ν , and is usually difficult to measure. Apart from the small amplitude of this effect, it is worth pointing out that this effect can only be measured on very large scales, where there are usually very few independent modes.
Related to this, various papers have recently explored whether nonlinear objects like galaxies, halos and voids display a scale-dependent bias on large scales in massive neutrino cosmologies, and how to self-consistently account for this in the analysis of LSS data [15, [24] [25] [26] [27] [28] [29] [30] [31] [32] . It was recently shown that for dark matter halos, the linear scale-dependent bias, when the bias is measured with respect to the underlying CDM 1 field is very small [30] , but there is significantly stronger scale dependence when measured with respect to the total matter field [24, 25, 27, 33, 34] . For voids, one of the most sensitive objects to neutrino masses [35] [36] [37] [38] [39] , selected using CDM only, a similar behavior is reproduced, but for voids defined in the total matter field, a stronger scale dependence in the bias was seen [28] . In all of these cases, the departure of the linear bias from a scale independent value was shown to be set by the shape of the neutrino transfer function, i.e., a direct function of the neutrino mass for a fixed decoupling temperature.
Having established the fact that measuring a linear scale-dependent bias can be used to robustly infer the neutrino mass, it is useful to explore ways in which the scale-dependent behavior of the bias can be enhanced. To this end, we explore a completely new direction -to use information from the large scale environment of dark matter halos. It has been shown in a number of studies that the halo environment is an extremely good indicator of the large scale clustering [40] [41] [42] [43] [44] [45] [46] . In our particular case, we use the halo environment to define certain population of halos which can exhibit extremely strong scale-dependent bias on large scales, only in massive neutrino cosmologies. The scope of this paper is to present a new method to enhance the size of, and measure, the scale-dependent bias of populations of halos in massive neutrino cosmologies by using information about their CDM and total matter environment. Critically, both of these large scale environments are potentially measurable in galaxy redshift and weak lensing surveys, and recent studies have explored the constraints that can be placed on cosmological parameters using the combination of the two [14, 47, 48] . We consider our method exploratory, and as such we do not attempt, in this paper, to forecast neutrino mass constraints using this technique in future galaxy surveys where additional observational effects could play an important role. This paper is organized as follows. In Section 2, we explore the origins of the scaledependent effects of massive neutrinos in more detail. Section 3 presents the analytical motivation behind our new technique using standard tools for Gaussian random fields. Section 4 presents the actual measurements of scale-dependent bias of halos sorted by their large scale environments in full N-body simulations including massive neutrinos. Finally, in Section 5, we summarize our findings and discuss the prospects of applying this method for measuring neutrino masses in future surveys.
Scale-dependent effects from massive neutrinos
To understand how neutrinos imprint information about their masses on Large Scale Structure, we must first consider the thermal history of the Universe. Neutrinos decoupled as ultra-relativistic particles when the background temperature was ∼ 1 MeV, and then freely propagated in the Universe. At the CMB epoch, neutrinos were still relativistic, and contributed to the radiation content, but at late times, when they become non-relativistic, neutrinos contribute to the total matter content. In a Universe with massive neutrinos the total matter density is the sum of the CDM (c), baryons (b), and neutrino components,
One can also write down the perturbations of field of the total matter content in terms of the perturbations in the individual species:
where f i , (with i ∈ {c, b, ν}), are the fractional background energy densities of each species, i.e.,
For the purpose of this work the perturbations in CDM and baryons can be considered identical:
where h is the dimensionless Hubble parameter, (h = H 0 /100 kms −1 Mpc −1 ). For realistic values of neutrino masses f ν 0.01, so the neutrino effects are usually quite small. Despite being non-relativistic at late times, massive neutrinos still travel much faster than standard cold dark matter particles as their characteristic velocities are set by the redshifted Fermi-Dirac distribution that was fixed at decoupling. In a Hubble time we can define a characteristic scale associated with the distance traveled by neutrinos, the so called free-streaming length λ fs [2] 
3) which at low redshift and for light neutrinos can be of O(100) Mpc/h. Thus, on small scales, the transfer function of neutrinos is very different from that of CDM and baryons, since neutrino clustering will be highly suppressed on scales below λ fs . Information about the neutrino masses is therefore, directly encoded into the matter power spectrum,
where P cc (k), P νν (k) are the CDM and neutrino auto-power spectra, respectively, and P cν (k) is the CDM-neutrino cross-power spectrum. As can be seen, information about neutrinos explicitly enters in two ways in the above expression: 1) through a change in the background value of f ν , and 2) through the terms that encode neutrino perturbations -P cν and P νν . Neutrinos also affect the evolution of CDM perturbations themselves by suppressing, compared to a massless case, the growth of CDM structures on scales smaller than the free streaming scale. In linear theory it can show that at z = 0 [2] 1.00 The relative damping of the total matter power spectrum, CDM power spectrum and the matter-CDM power spectrum compared to the massless neutrino cosmology. The damping amplitude on small scales in the matter power spectrum is ∼ 8f ν , while the damping on small scales in the CDM power spectrum is ∼ 6f ν .
On very large scales, kλ fs 1, neutrinos behave like CDM and the three power spectra on the right hand side are identical, whilst on small scales, kλ fs 1 , neutrino fluctuations are washed out,
(2.6) Fig. 1 shows the effects of nonzero neutrino mass on different power spectra in linear theory. On the top panel of Fig. 1 , we plot the actual matter power spectrum for a cosmology with M ν = 0.09 eV at z = 0. On the bottom panel we plot the ratios of various power spectra in this cosmology to the matter power spectrum in a massless neutrino cosmology. To isolate the effect of the neutrino masses, we have kept fixed the value of Ω m , Ω b , h, n s and A s . Note that in the massless neutrino cosmology δ m = δ c by definition. As can be seen from the different curves on the bottom panel, massive neutrinos damp the total matter power spectrum with a different amplitude and shape than the CDM power spectrum.
Eq.s 2.4, 2.6, and 2.5 suggest that a good way to constrain neutrino masses in cosmology would be to compare the amplitude of the power spectrum at scales much larger than the free streaming scale to the one at small scales (where neutrinos perturbations have been washed out) [49] . In principle, the first measurement can be obtained with Cosmic Microwave Background (CMB) data, while the latter information is present in the data from late time galaxy clustering, galaxy lensing, CMB lensing, and Lyman-alpha. Although promising, measurements of neutrino masses through relative amplitude of the power spectrum are very challenging, and they are ultimately limited by degeneracy with other cosmological parameters and unmitigated systematic effects.
As mentioned in Section 1, a more unique signature of neutrino masses is instead the scale-dependent variation of the power spectrum on 0.01 < k < 0.1 h/Mpc scales. On scales much larger than k ∼ 0.01 h/Mpc, i.e. above the largest free streaming scale of the neutrinos over the history of the Universe, neutrinos and CDM behave similarly -i.e. they produce no change to the shape of the power spectrum. On scales smaller than k ∼ 0.1 h/Mpc, the neutrino fluctuations are so tiny that they are essentially negligible, leading to the nearly scale-independent flattening of the power spectrum seen in the bottom panel of Fig. 1 . While changes in other cosmological parameters, e.g. a change in σ 8 , can mimic the suppression of the matter power spectrum on small scales, standard ΛCDM cosmology cannot produce this scale-dependent variation in the range 0.01 < k < 0.1 h/Mpc. However, in this regime, the suppression is very small and therefore extremely difficult to detect in real data. This is, of course, directly related to the value of f ν being very small for realistic neutrino masses.
A further complication in inferring the neutrino masses from cosmology is that we cannot observe the CDM or neutrino field directly. Instead, we observe biased tracers of the underlying density fields, e.g. galaxies in spectroscopic and photometric surveys. In a cosmology with massive neutrinos and in the linear regime, the most generic bias expansion for a matter tracer x is
and a priori there is no reason to drop any of the two terms. Recently [24, 25, 27] have shown that due to the large hierarchy between the free streaming scale, λ fs (m ν = 0.1 eV, z = 0) 40 Mpc/h, and the scale R * 1 Mpc/h relevant for the formation of halos and galaxies, the second term in Eq. (2.7) is negligible compared to the first one and we can approximate
In other words, the contribution of massive neutrinos to the mass and collapse history of halos and, consequently, galaxies is negligible. This scenario has indeed been confirmed to better than a % level by measurement of halo bias in N-body simulations that include massive neutrinos, and linear bias is approximately scale independent if defined with respect to the CDM field [19, 25] . This fact has interesting consequences for the abundance of massive clusters, higher point function of the density fields, and the property of cosmic voids. Regardless of the large hierarchy between the neutrino free-streaming scale and the non-linear collapse scale, it is possible to compute corrections to Eq. (2.8) [26, 29, 30] that will therefore be scale-dependent. The analytical calculation of [26, 31, 50] , as well as the results from N-body simulations [30] indicate that b ν O(1)f ν and is only important on linear scales k ≤ 0.01 h/Mpc. Being so small, this form of scale-dependent bias is not expected to add much in terms of constraining power on massive neutrinos. It has also been shown that for voids defined using δ m rather than δ c , there is scale dependence in the bias of such voids on large scales [28] . However, these voids have to be identified using weak lensing measurements, where the signal to noise ratio per void is too small to have robust void definitions. Another possible approach is to use the different scale dependence in a measurement of P xx (k) = b 2 P cc (k) and of P m (k) with weak lensing, to measure neutrino masses through the ratio P cc (k)/P mm (k). This was discussed in [15] , but the authors find that the constraints on the neutrino mass from the scale-dependent piece is much smaller than the total constraints coming from the damping of the power spectrum on small scales.
The biggest impediment to the observation of the scale-dependent linear bias effect in massive neutrino cosmology, therefore, is that the signal is small. In the rest of this paper, we explore how the use of the halo environment, as defined by the total matter and CDM density fields, can enhance the size of the scale-dependent signal, and provide a new robust observable to constrain neutrino masses.
Analytical considerations on environmental bias
What physical phenomena determine the exact value of the bias parameter of a generic tracer of the LSS is an open problem in cosmology. We know that mass for halos and luminosity for galaxies are the primary driver in setting the value of the bias, but other sources of secondary bias are actively being explored. As gravitational collapse happens locally in time and space, we expect the bias to be a function of the density of all independent fields and of (the second derivative of) the gravitational potential, along with their spatial derivatives, evaluated at the scale relevant for the process [51] . Since we are not interested in the bias expansion on a object-by-object basis, we also need to know the statistical properties of all the variables relevant for the collapse of halos.
The first bias model was presented more than thirty years ago by Kaiser in [52] . In this model, halos of mass M are identified as regions in the initial linear field whose density contrast field δ, smoothed on the scale R p = (3M/4π) 1/3 , is larger than the critical value required by a simple spherical collapse model. Halo bias is then computed as the ratio between the correlation function of these constrained regions and the underlying dark matter in the limit that these halos are very rare fluctuations. Over the years, several layers of complexity have been added to the initial model, with the inclusion of the peak constraint [53, 54] , i.e. halos preferentially form at peaks in the initial field, the excursion set constraint to solve the cloud in cloud problem [55, 56] , and more realistic collapse models, e.g. halos are likely to form in a ellipsoidal fashion [57, 58] . The predictions of this class of models, called Lagrangian bias models, are in very good agreement with bias parameters measured directly in N-body simulations that solve the exact gravitational dynamics [59] [60] [61] . In this picture, halos are identified as a set of constraints {C} we impose on the initial matter fields on one or more Lagrangian scales. For instance, in spherical collapse models, halos are regions of size R p in which the linearly extrapolated density contrast exceeds the critical threshold δ crit = 1.686. In this language, halo formation is therefore identified with a selection process. The linear bias is then defined in the following way
which is the cross-correlation between the CDM and center of the constrained region divided by the CDM power spectrum. The linear bias discussed will computed in the initial Lagrangian Space, and therefore cannot directly be compared with measurements in simulations at low redshift, that are carried out in Eulerian Space. A mapping between Lagrangian and Eulerian coordinates exists, and it depends on the halo dynamics and the statistical properties of the nonlinear Eulerian fields. The statement that results derived in Lagrangian space survive to Eulerian space is non-trivial. For the specific case of environmental bias we are interested in, this has been extensively checked to hold in the literature. We refer the reader to [62, 63] for more details 2 .
For Gaussian random fields as the initial matter fields, the bias can only depend on the spectral moments
with a, b = {c, ν}, for CDM and neutrinos, R i,j are the scales at which we impose the constraints, and W (kR) is the smoothing window that defines the constrained region. Unless otherwise noted, in the remainder of this work we will use Top-Hat window functions.
Environmental Lagrangian bias in ΛCDM cosmologies
In the definition of linear bias of Eq. (3.1), we did not have to specify the constraints, which can therefore incorporate any other properties of the selected sample. For instance we can ask the question of what is the bias of halos that reside in a over/under-dense environment, the latter defined at some large scale R E > R p [64] . In our formalism this is expressed as
in which we explicitly distinguish between the constraints C(R p ) we impose at the halo scale R p , and the ones on the environment, E(R E ), at scale R E . In this section we compute the bias of halos as a function of environment. For simplicity, we restrict our analysis to a ΛCDM cosmology. Our calculation generalizes the results of [62] [63] [64] [65] to more realistic halo definitions. We assume that C is a function of the density contrast of CDM smoothed at halo scale, δ c (R p ) ≡ δ c,p , its second spatial derivative, i.e. the peak curvature ∇ 2 δ c,p , and that E depends on the value of the CDM overdensity constrast at the environmental scale R E , δ c,E . For shortness of the presentation we will not include dependence on the tidal fields in the equations below, but it is included in the numerical evaluations following [58, 66] . Since CDM is the only relevant field in ΛCDM cosmology, we will drop the subscript c in the remainder of this section. We thus need to keep track of the spatial correlation of three degrees of freedom, which can be arranged in a 3-dimensional Gaussian distribution. It is convenient to define standardized variables with unit variance [53, 64] 
that jointly form a 3-dimensional Gaussian distribution with zero mean and covariance
with the following definitions
The off-diagonal entries of Σ describe the cross correlation between the density field at the halo/peak scale and the curvature field x p , γ x , the correlation between the former and the environment, , and the correlation between the density field at the environmental and halo scale, γ E . Within this model, by using simple properties of Gaussian random fields and linear algebra one arrives to the following expression for the Lagrangian linear bias of environmentally selected dark matter halos
with
Notice that since x p is proportional to the second derivative of the density field, the bias in the above expression will be k-dependent [53, 54, 56] . In the case of no environmental constraint, = γ E = 0, we recover the well-known results of BBKS [53] 
On the other hand, if we neglect the peak constraint on the second derivative of the density field, i.e. C = C(ν p , R p ) only and γ = 0, we obtain the expressions in [62] δ|C ,
This result is a consequence of the statistical properties of Gaussian fields, and shows that the bias parameters are only functions of the constrained variables [66] . In the low-k limit in which k R −1 p , R −1 E , the contribution to the bias of the third line of Eq. (3.8) can be dropped and δδ p = δδ E = δδ , such that the scale independent piece of linear bias can be rearranged as
where we have combined all terms that multiply the same conditional expectation values in Eq. (3.8). The definitions of b δ , b x b E can therefore, be simply read off by comparing Eq. (3.12) to Eq. (3.8). In our model, the mean value of the density ν p , and of the curvature, x p , at the halo scale and the mean environmental density, ν E determine the bias. The values of b δ (blue), b x (green) and b E (red) as a function of halo mass, M = 4π/3ρR 3 p , are shown in Fig. 2 for an environmental scale of R E = 20 Mpc/h at z = 0. We find that once we impose the additional environmental constraint, then b E > b δ , b x by factors of 5 or more. Also, the two standard terms b δ and b x are not very sensitive to halo mass once we include an environmental selection. On scales where R p R E , the density field at R E cannot be no longer be interpreted as the halo environment and our calculation breaks down. Since both ν p |C , E and x p |C , E are O(1) numbers [53, 58, 67] and b δ and b x have opposite signs, we find that the bias is, to a very good approximation, determined by the value of the environmental density around halos, ν E |C , E , almost independently of halo mass
This result is a consequence of the shape of the initial linear power spectrum for which σ E σ p if R p < R E . Our findings are in agreement with [62] [63] [64] 68] , and qualitatively explain a series of results concerning assembly bias of dark matter halo in different environment [44, 45, 69] .
At this point it is worth reminding again that our calculation of linear bias has been carried out in the initial Lagrangian field, but the environment is usually defined in the late time Eulerian field where observations are made. While this introduces quantitative differences in the calculation, the picture described above still holds [62, 63] , and we will use it to understand the clustering pattern in cosmologies with massive neutrinos.
Scale-dependent environmental bias
In a Universe filled with massive neutrinos, along with CDM, we have several ways of defining the environment. In the analysis of the previous section, the results would not change if we replace the CDM field in the definition of the environment with δ ν or δ c , or any linear combination of the two. This means that, despite the fact that we can assume to a very good approximation mass selected halos follow Eq. (2.8), adding an environmental constraint that depends on the density field of neutrinos, the halo bias can be made scale-dependent with respect to CDM. Since we have shown that the environment is the strongest effect in setting the amplitude of the bias, in the trivial case the environment is defined with respect to the neutrino field, we expect to see large scale dependence and all the results from the previous section carry through. In real data, the neutrino field is not directly observable and we will have to use a combination of the CDM field measured by dark matter halos and the total matter field measured for instance with weak lensing data. In this section we will explore a few possibilities to define the halo environment that introduce scale-dependent bias on linear scales.
Total matter environment
It is straightforward to generalize the calculation of the Lagrangian bias of halos described in the previous section to the case of the environment defined in terms of the total matter field, i.e. the mass weighted sum of CDM and neutrino density fields. In the low-k limit, k R −1 p and k R −1 E , the linear bias can now be written 14) with C the halo constraints depending only on CDM, and E the environmental constraints which depends on δ m = f c δ c + f ν δ ν . By repeating the steps in the previous section it is easy to see that the amplitude of the scale-dependent piece of the bias is proportional to the difference of the mean environmental total matter and cold dark matter density 15) where as before the mass dependence of the b E term is very weak. To O(f ν ) we find
On most environmental scales, R E , the first term is bigger than the second one, which means we are effectively constraining the neutrino environment. On the other hand, we have an effect even if the regions we select have δ ν,E |C, E 0. This term arises since selecting only halos residing in regions with zero environmental neutrino overdensity is still a constraint that will produce a k-dependent contribution to the bias. Unfortunately, the scale dependence of the bias introduced by the environmental constraint on the total matter density is proportional to f ν and hence very small. This result is aniticipated, becuase without a measurement of the environmental CDM density, one cannot distinguish CDM and total matter better than O(f ν ).
Environmental constraint on the CDM and total matter
The analysis of the previous section on the bias of halos selected based on their total matter environment suggests that in order to get rid of the small parameter f ν and probe the neutrino environment directly, we need to independently measure both the CDM and total matter environment. Obviously in the N-body simulations one can directly measure the neutrino field, but this is not possible in data from cosmological surveys. While the total matter field can be measured from weak lensing measurements, one needs to infer the CDM field from the clustering of galaxies -where uncertainty in bias and the presence of stochasticity can play a major role.
It is easy to write the more general case of joint CDM and total matter environmental constraints, but for brevity of the presentation we focus on the case the environment depends on difference between the two fields
as it will allow us to check the non trivial scale-dependent effects predicted by our model. The expression in Eq. (3.14) already contains the most general scale dependence allowed in the two species scenario, but for our purposes we rewrite it as
We can decompose both b c and b ∆ in the same way as in Eq. (3.12), in which the value of the bias parameter depends on the average of three relevant variables, ν p , x p and ∆. In the right panel of Fig. 2 we plot the three contributions to b c (solid lines), and the three contributions to b ∆ multiplied by f ν (dashed lines), for R E = 20 Mpc/h and a total value of neutrino masses of M ν = 0.15 eV. Similar to the ΛCDM scenario, the environmental constraint is the strongest, such that f ν b ∆ > b c and the scale dependent piece of the bias dominates over the scale independent one. The value of b ∆ depends on how the environment correlates with the local halo density and curvature, the dashed blue and red lines, but to a very good approximation is just proportional to the mean value of the environmental density ∆|C, E , shown as the green dashed line. Eq. (3.19) implies that on scales much larger than the free streaming scale where P cν P cc it is virtually impossible to separate the effect of the environment from the standard scale independent bias b c . We will see in the next section that this feature is confirmed in N-body simulations, and it is quantitatively different from effects of an environment defined w.r.t. the neutrino field or any other combination of dark matter and total matter fields, although formally they can all be written using Eq. (3.14).
Assuming the value of b ∆ is primarily set by the environmental constraint we then arrive to
where we notice that all powers of f ν have dropped from the final expression. This result confirms the intuition of the previous section, and we have therefore identified infinite possible environment definitions which all lead to very large scale dependence proportional to the neutrino linear transfer function. If the environment is defined at R E λ fs then we can further simplify the expression for the bias and arrive to We consider all halos with masses above 4×10 11 M /h for the cosmology with M ν = 0.10 eV neutrinos at z = 0. Their halo bias is shown with the black dashed line. We then split the halos into two populations according to the CDM overdensity at a scale R smooth : 1) halos where the CDM overdensity is above the median (upper lines), and 2) halos where the CDM overdensity is below the median (bottom lines). In all cases, for sufficiently large scales, the bias becomes scale-independent.
Therefore, these analytical calculations show that the bias of halos selected using certain combinations of the CDM and matter environment should have a scale independent term, i.e. the first term on the RHS of Eq. 3.22, and a scale-dependent term, i.e. the second term on the RHS of Eq. 3.22. Importantly, apart from a normalization factor, the dependence of the second term on scale is set only by the ratio of the transfer functions of the neutrinos and CDM -a quantity which depends directly on the neutrino mass. Within the toy model presented in this section both the value of b ∆,E and of δ c,E | C, E can be predicted analytically. In order to do the same in real data one would need a map from Lagrangian to Eulerian coordinates at the fields level, as well as the full non-linear probability distribution function (pdf) of the Eulerian environmental variables. In a N-body simulation this can be done, see for instance [63] for a discussion of environmental bias in ΛCDM cosmologies, but for observed galaxy samples this could be quite challenging. Since we are solely interested in the scale dependence of the bias as a possible way of constraining neutrino masses, in the next sections we will therefore just fit for a free parameter for the amplitude of the second term in Eqs. (3.14,3.22).
Environmental scale-dependent bias in simulations
We use N-body simulations of boxes with side 1 Gpc/h, and with 1600 3 CDM particles and 1600 3 neutrino particles belonging to the HADES simulation suite 3 , the precursor of the Quijote simulations 4 [70] . The simulations are run using a version of the Gadget code [71] , which has been suitably modified to include massive neutrinos [72] . The values of the cosmological parameters in our fiducial cosmology are: h = 0.6711, Ω b = 0.049, Ω Λ = 0.6825, A s = 2.13 × 10 −9 , and n s = 0.9624. We run simulations with three different neutrino masses: M ν = 0.08 eV, M ν = 0.10 eV and M ν = 0.12 eV. The initial conditions were generated at z = 99 using the reps code [73] to ensure that the growth factors for individual species reproduce the correct amplitude of the power spectrum at z ∼ 0. We assume three degenerate neutrino mass species. We identify halos in the simulations using a FoF halo finder, run on the CDM particles only. Since we do not use information about the halo profiles, but just their positions and masses, we use an aggressive lower bound on the halo masses. This is enforced by tagging all objects with more than 20 simulation particles, and corresponds to a physical mass cutoff of ∼ 4 × 10 11 M /h.
From the simulations, we use the CDM and neutrino particle positions to create a grid of densities for each species using Cloud-in-Cell (CIC) deposition scheme. From the computed CDM and neutrino ovedensities, we also calculate the total matter overdensities. Using the halo positions in the simulation volume, we again use a CIC deposition scheme to define the halo overdensity field on the same grid. The density fields are then smoothed on some scale, R smooth , using a top-hat smoothing kernel in 3 dimensions. We use 4 different values of R smooth to demonstrate the dependence of the effect with the scale at which we smooth the different fields. The smallest value of R smooth considered here is 10 Mpc/h, a scale on which the smoothed fields are not expected to be completely Gaussian. The largest smoothing scale we use is 40 Mpc/h. We emphasize that all bias measurements presented in this Section are in Eulerian space, rather than in Lagrangian space as presented in Section 3. We show below that the qualitative behavior of the measured Eulerian bias at linear scales, when conditioned on various halo environments, follows those computed in Section 3, even though the exact mapping of values of each of the bias terms from Lagrangian space to Eulerian space may not be known.
Using the CDM environment
First, we study the behavior of the large scale bias when halos are selected according to their environmental properties, defined as the value of the CDM overdensity on the smoothed R smooth scale. To implement this, we interpolate the value of smoothed CDM overdensity field, δ c , from the grid to the position of every halo. We then find the median value of δ c , and divide the halo catalog into two -one population contains all halos which have δ c ≥ δ c,median and the other contains all halos for which δ c < δ c,median . Once the two populations have been defined, we compute the halo overdensity field (using a CIC deposition) of each. Next, we compute the auto power spectrum of each of the overdensity fields, as well as the cross correlation of the halo overdensity field with the CDM overdensity field. This allows us to compute the bias of the two populations, either from the cross correlation:
or from the autocorrelation:
We note that, in general, the above two definition will yield different results, even on largescales. We show the halo bias results, computed using the cross-correlation estimator, from the M ν = 0.10 eV simulation in Fig. 3 . The black dashed line indicates the bias of the full halo sample. The solid lines represent the bias of the the two populations identified by considering the CDM environment at different smoothing lengths (represented by different colored curves). As the smoothing length increases, the difference in the amplitude of the bias of the two populations also increases. However, at the largest scales accessible from our simulation volume, the bias is scale-independent for all smoothing scales, in agreement with the theory expectations from Section 3. As discussed in Section 2, the effect of neutrinos on halo bias is expected to be slightly larger when considering the total matter field environment, ∼ O(f ν ). Since f ν ∼ 1%, the change in the scale-dependence of the linear halo bias is not expected to be significant. Indeed, from the measurements, we find similar results to those shown in Fig. 3 when we split the halos into two populations based on the value of δ m , rather than on δ c -i.e. -the bias of the populations remains scale independent on large scales, while the actual value of the bias for each population changes from the value of the bias for the full sample.
Using the neutrino environment
It is expected that the strongest signatures of neutrinos on the large scale bias will appear when we use information about the neutrino environment around each halo to perform the split into two different populations. While the neutrino overdensity is not really an observable, we can measure it directly in the simulations. Therefore, we repeat the above procedure of splitting the halos, but now according to the value of δ ν smoothed on scale R smooth . The results for the bias are shown in Fig. 4 . We now see an extremely strong scale-dependent bias on large scales that gets stronger as we increase R smooth . The behavior of the bias with k is very well fit by
where b c , b ν , and C are scale independent free parameters. W (kR smooth ) is the spherical top-hat window function on scale R smooth :
The form of the fitting function is inspired by the RHS of Eq. 3.22 and the discussion in Section 3. Although Eq. 3.22 refers to Lagrangian space biases, we expect the functional form to also work for Eulerian space, even if the parameter values are different. Note that in Eq. 4.3, apart from the known scale dependence coming from the window function, the shape is set entirely by the ratio of the transfer function of the neutrinos and CDM. In Fig. 4 We plot the results of the best fit using this functional form for R smooth = 40 Mpc/h (black dashed line), and similar results hold for other smoothing scales. Further, as discussed in Section 3 and evident from Eq. (4.3), the shape of the scaledependent bias on large scales should change as the neutrino mass is changed. To show this, we consider simulations run with different neutrino masses, specifically M ν = 0.08 eV, M ν = 0.10 eV and M ν = 0.12 eV. We also run a simulation with extremely high neutrino mass, M ν = 0.6 eV. We fix R smooth = 10 Mpc/h across the simulations, and split the halos from each simulation into two sets based on δ ν .
The large scale bias of each set are shown on the right panel of Fig. 4 . It is interesting to note that the largest departure from scale independence is seen in the simulation with the lowest M ν . In the context of the damping of the power spectrum on small scales, the strength of the damping effect scales directly with f ν , or equivalently, with M ν . However, for the scale-dependent bias effect shown here, the size of the effect does not scale with f ν , but with ratio of the CDM and neutrino transfer functions, as discussed in Section 3. Lowering the total neutrino mass makes the transfer function of neutrinos more different from the CDM transfer function, leading the strongest effect. For the largest neutrino masses, the bias on linear scales is almost flat, since the CDM and neutrinos transfer functions are more similar.
It is worth noting that since the shape of b(k) for these populations of halos on large scales is set by the relative shapes of the neutrino and CDM transfer functions, this effect is not degenerate with the shape of the large scale bias expected from cosmologies with primordial non-gaussianties [68, 74] . In the latter, the shape of the bias generally continues to scale as k −2 up to extremely large scales. On the other hand, on scales larger than the maximum free streaming length of the neutrinos, the transfer function of the neutrinos will be identical to the transfer function of neutrinos, returning the bias to a scale independent quantity. For realistic neutrino masses, this scale is roughly a few Gpc/h, i.e. beyond the scales included in our simulations. However, for the M ν = 0.6 eV, this scale is ∼ 1 Gpc/h, and the right panel of Fig. 4 does indeed show the bias becoming almost scale independent on the largest scales accessible from the simulation.
Combining CDM and total matter environments
While the split on the large scale neutrino overdensity produces a strongly scale-dependent linear bias, there is no feasible way of measuring the neutrino density field directly in data. Therefore, we try to reproduce this strong scale-dependent bias in the simulations using information about only the CDM (δ c ) and matter overdensities (δ m ), which would, in principle, be detectable in the data from various cosmological surveys (CDM from galaxy clustering and total matter from weak lensing). First, we re-do the above analysis using the value of δ m − δ c to split the halos into two sets. In practice, we smooth the two overdensity fields individually on each smoothing scales before taking the difference. Notice that we have not assumed anything directly about neutrinos in this environment definition. The results of this analysis are plotted in Fig. 5 . Also in this case, we find that as the smoothing scale increases, the difference in the bias of the two sets increases, but more interestingly, the bias is no longer scale independent on large scales. The departure from scale independence is stronger for the larger smoothing scales. The scale dependence in Fig. 5 is different from the one in Fig. 4 . Whereas the latter was proportional to P cν /P cc (k), the former is proportional to P cν /P cc (k) − 1, and the bias indeed starts to approach the value of the full sample at large scale. This is a non trivial check of the the model discussed in Sec. 3, which is able to capture the main physical effects at play in the simulation. Even though using the combination δ m − δ c as the environment defintion to split halos shows some scale-dependence in the linear bias, the effect is nowhere as strong as when δ ν is used to define the environment. We show below that we can construct a different combination of large scale CDM and matter environments which can produce similar scale-dependent linear bias as in the case of splitting on δ ν . In particular, we tabulate the value of the smoothed δ m,i and δ CDM,i at the position of every halo (labeled by i), and compute the following quantity for every halo:
To compute the average relation between δ m,i and δ CDM,i on the RHS of Eq. 4.5, we simply fit a straight line through all the points in the δ m , δ c plane. We have checked that using a higher order fitting scheme to define the average relationship between δ m,i and δ c,i does not change our results for the range of smoothing scales considered here. Once we have the list of δ d,i , we split the full halo sample into two, one for which δ d,i > 0 and the other for which δ d,i < 0. Note that while this choice of splitting the halos does not produce exactly the same number of halos in each population, the difference in the number of halos is small compared to the total number of halos. We then proceed as earlier, to compute the bias of each population, and plot the results in Fig. 6 . On large scales, the bias of the populations once again show a very strong scale dependence (similar to the one we got when splitting on neutrino overdensity environment). As before, the shape of the linear scale-dependent bias is set by the relative shapes of the neutrino and CDM transfer functions, and proportional to P cν /P cc . We emphasize once again that this strong departure from scale independent bias on large scales shows up without using any explicit information about the neutrino overdensity fields. We plot the results of the best fit using this functional form in 4.3 for the split using R smooth = 40 Mpc/h in the right hand panel of Fig. 6 . We see that the simple functional form of Eq. 4.3 is able to fully capture the scale dependence. 
Using biased tracers to define environment
So far, we have outlined a new procedure that maximizes neutrino masses effects on halo clustering. However, we have not considered any source of noise in the density fields that are used as inputs to our calculations. We now explore one of the sources of noise that is expected in real data. In cosmological surveys, we do not have direct information about the CDM field, but instead, have to infer it from the clustering of biased tracers of this field, such as dark matter halos, or galaxies. To quantify the effect of this on the behavior of the bias on large scales, we now use the overdensity field of halos δ h instead of the CDM field δ c . Note that, on large scales, the halo field is related to the underlying CDM field through a deterministic bias term, but also includes stochasticity related to the finite number of tracers: 6) where b(k) is scale independent on large scales, and represents the stochasticity. If, at a given scale, the stochasticity is much larger than the size of the effect produced by neutrinos, the signal that we see will be washed away. We illustrate this in the left panel of Fig. 7 where the spread in the δ c − δ h relation is much wider than the spread in the δ c − δ m relation, even when quantities are smoothed on 20 Mpc/h. Therefore, we expect much of our signal to be washed out by the stachatic term of Eq. 4.6. We now compute δ d,i = δ m,i − δ m,i | δ h,i , where, once again, we perform a linear fit of δ m,i and δ h,i to obtain the mean relationship between the two. Note that this procedure accounts for the constant linear bias term in Eq. 4.6. As before, we split the full halo sample into two based on whether δ d,i for halo i is positive or negative. We plot the results for the bias using the solid black lines on the left panel of Fig. 8 . The smoothing scale used was 40 Mpc/h.
To better understand the contribution of stochasticity to the behavior of the bias of the two populations, we also split the halos using δ c , instead of δ m , i.e. by defining δ d,i = δ c,i − δ c,i | δ h,i . Note that since we assumed Eq. 4.6 to be true, this way of splitting Figure 9 . Same as Fig. 8 , but using the mass weighted halo field while determining the split into two populations. For the right hand panel, we plot the data points with the solid black squares, and the best fit curve from Eq. 4.3 fitted to the difference of the two biases using the dashed black line.
the halos should not have any information about the neutrinos. The results of this split are plotted in the dotted curves in the left panel of Fig. 8 . By comparing the solid and dotted lines in Fig. 4 .5, we see that, as expected from the large scatter in the left panel of Fig. 7 , the extremely strong scale dependence from neutrinos that we found previously is mostly washed away due to the stochasticity in the halo field. Further, the difference in the large scale behavior of the populations split using δ m , δ h is very similar to the behavior of the subsamples from the δ c , δ h . However, we find that the full signal is not washed away. Instead, when we compute the bias using the δ m , δ h split minus the the bias using the δ c , δ h split, we find that the difference still scales exactly with P cν /P cc , but the amplitude of the signal is much smaller, by approximately a factor of 100, than when using the true CDM field. This is plotted in the right hand panel of Fig. 8 .
Since the stochastic part in Eq. 4.6 is responsible for reducing the strength of the scale-dependent bias signal, we explore how, for a fixed number density, we can try to reduce the stochasticity in the halo overdensity field. Previous studies [75] [76] [77] have shown that the stochasticity in the halo density field can be reduced by mass-weighting the halos while computing the density. We implement this in our analysis by weighting every halo by its mass during the CIC deposition step while computing the halo overdensity field, δ h . The reduction in the scatter in the values of the smoothed δ c , δ h at 20 Mpc/h for each halo is illustrated in the right panel of Fig. 7 . We note that the scatter is still larger than the spread in the δ c , δ m relation, where the signal comes from.
The rest of the analysis is carried out as before. The results are shown in Fig. 9 . We find that the mass weighting indeed helps increasing the difference between the populations identified by the δ m , δ h and δ c , δ h splits. On the right hand panel of the figure, we plot the data points of the difference in bias using the solid squares, and the best fit curve using Eq. 4.3 with the dashed black line. This demonstrates how the shape of the bias difference from the two splits is well described by the shape of the neutrino transfer functions. However, as the left hand panel of Fig. 9 demonstrates, mass weighting the halos is still not enough to clearly show the scale-dependent bias effect in only the δ m , δ h splitting scheme. This suggests that while the shape of the halo bias on large scales contains information on neutrino masses, its main broadband shape is dominated by CDM environmental effects, that will downgrade the signal-to-noise ratio of this measurement to neutrino masses. This means that more sophisticated methods may be needed to reconstruct the true underlying CDM density field from the observed galaxy fields in cosmological surveys (c.f. [78] ) in order for the environmental scale-dependent bias effect to be clearly detected.
Environmental bias in projected fields
Finally, we explore how the large scale bias of different populations of halos in the simulation behave when we look at all quantities in projection, rather than assuming we have the full 3-dimensional fields. This is especially relevant in the context of lensing, where the measured shear or convergence are quantities which are directly related to a weighted projection of the underlying 3-dimensional total matter field. As a crude approximation of this, we repeat our analysis using only quantities that have been projected along one of the simulation directions. For example, the halo overdensities are calculated by throwing away information about the z position of the halos, and depositing onto a 2-dimensional grid in the x − y plane. A similar procedure is adopted to get the CDM and matter density fields in 2 dimensions. We note that in this case, the smoothing on scale R smooth is done on the projected fields, i.e. we use a 2-dimensional top-hat aperture for the smoothing procedure.
We specifically consider the case where we perform the splits using δ m and the mass weighted version of δ h . The smoothing radius we have used in this specific example is 10 Mpc/h. We present the results in Fig. 10 . We find that, qualitatively, the results remain the same as those in Section 4.4. Specifically, we find that when using the halo density field instead of the CDM field, the stochasticity washes out most of the signal of scale-dependent bias coming from the presence of massive neutrinos when using δ m and δ h split. Similar to our results in 3 dimensions, this is true even for the mass weighted field, as seen in Fig. 10 . However, as in the 3-dimensional case, the linear scale-dependent bias is clearly visible in the difference in the bias of the halo populations created by taking the δ m , δ h and δ c , δ h splits.
Summary and Discussion
In the standard ΛCDM cosmology, the large scale bias of nonlinear objects is expected to be scale-independent. The presence of both non-Gaussianities and massive neutrinos can lead to scale-dependent bias, a unique signature that can be used to constrain them. In the case of massive neutrinos, the shape of this scale dependence is set by the relative difference between the transfer function of neutrinos and CDM. Since the transfer function of neutrinos is determined by the neutrino mass, a measurement of departure from scale independent bias on linear scales can be converted into constraints on the neutrino mass. While this scale-dependent bias is a unique signature of massive neutrinos on large scale structure, the size of the signal is usually very small, of the order of f ν .
In this paper, we have shown for the first time, how large departures from scale independence bias on large scales can be achieved by using information about the local environment of dark matter halos. For the purpose of this analysis, the local environment is defined by the value of the either the CDM, neutrino, or total matter density field smoothed on some scale; we have considered scales from 10 Mpc/h to 40 Mpc/h. We have shown that if we split the halo population in the simulation volume into two populations, based on the enclosed neutrino overdensity around each halo, we obtain a very strong scale-dependent bias on large scales. The amplitude of the scale-dependence is much higher than the expected scaling with f ν , and increases when the smoothing scale used to define the environment rises. In contrast, the bias on large scales always remains scale independent when we perform the same split but using the enclosed CDM overdensity on the defined smoothing scales. This suggests that this effect is entirely due to the presence of massive neutrinos; this is the reason why the signal-to-noise ratio of this statistics is much larger than traditional observables.
Since for realistic cosmologies, f ν 1%, the ability to boost the neutrino signal using this method could be crucial in the eventual detection of the neutrino mass from Large Scale Structure observations. Besides, since this effect takes place on very large scales, it will be less affected by traditional complications such as redshift-space distortions, non-linearities and baryonic effects. While the actual values of the bias change as a function of the scale used to define the environment, we have shown that for all smoothing scales, and for all masses, the shape of the scale-dependent bias is extremely well fit by the ratio of the neutrino and CDM transfer functions, illustrating that this effect is unique to massive neutrino cosmologies. Since the neutrino transfer functions are identical to the CDM transfer functions on scales much larger than the free streaming length, the bias returns to being scale independent on the very largest scales ( 3Gpc/h). Thus, this effect will not be degenerate with the scale-dependent bias that primordial non-Gaussiantities models induce, where the bias is expected to scale as k −2 for small k. Our method allows us to constrain neutrino masses by measuring the shape of the halo bias.
Since the neutrino density field itself is not directly observable, we have investigated whether the large neutrino environmental scale-dependence can be reproduced using only information about the large-scale CDM and total matter fields. In principle, one can use the galaxy positions to infer the underlying CDM density field using a linear bias model. Similarly, since photon deflection depends on the gravitational potential, sourced by all matter, weak lensing measurements can be used to infer the distribution of total matter on large scales. We have shown that if we split halos according to a combination of their δ m and δ c environment, we observe a very similar scale-dependence bias than the one we get by splitting from neutrino overdensity.
Rather than true underlying CDM distribution δ c , a closer analog to what is truly measured in galaxy surveys is the halo overdensity field δ h . Halos are biased tracers of the CDM field, and the relationship is expected to be linear on large scales. However, there is also a stochastic contribution to the halo field which is uncorrelated with the CDM field. This uncorrelated piece acts as a source of noise for the signal that we are looking for. We find that when halos are split according to a combination of δ m and δ h environments, instead of δ m , δ c environments, most of our signal vanishes due to the stochasticity. However, a part of the signal still remains, and its amplitude is still larger than f ν . We have shown that the amplitude of the neutrino signal increases when stochasticity in the halo density field is reduced by mass-weighing the halos. A similar noise reduction in the definition of the environment in galaxy surveys can be achieved by assuming a relationship between halo mass and galaxy luminosity and weighing the galaxies by their luminosity. However, we possibly need more sophisticated methods of determining the true underlying CDM distribution from the galaxy distribution to achieve the levels of noise needed to cleanly recover the environmental neutrino scale-dependent bias signal from upcoming surveys.
The weak lensing measurements from cosmological surveys do not measure the 3-dimensional distribution of matter, but rather, a weighted projection of it along the line of sight. Further, in photometric surveys, lack of precise redshift information of galaxies implies that, often, it is only possible to define the galaxy density field in broad redshift bins. To roughly approximate these effects, we have shown that the results obtained using the 3-dimensional field also hold when all the fields are projected down to 2 dimensions.
In this paper we have proposed a new method to weigh neutrinos by detecting their effects on the large-scale halo/galaxy bias. Our methods magnifies the signal-to-noise ratio of neutrino masses effects on large-scale structure by exhibitng a large scale-dependence halo/galaxy bias on linear scales. The departure from scale-independence can be much larger than f ν , and increases with lower neutrino masses. On the other hand, the effects of cosmic variance are much larger on these scales. Therefore, as part of future work, we plan to quantify the actual constraints on the neutrino mass that can obtained using this method in future cosmological surveys like LSST, and Euclid.
